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This thesis studies the application of electromagnetic theory in two aspects: 
characterizing the microwave thermal effect in cancer therapy and solving the low signal-
to-noise ratio (SNR) issue in magnetic resonance imaging (MRI). In the first part of the 
thesis (Chapter 2), an invasive microwave breast cancer therapy which uses the needle 
insertion to guide microwave power into the tumor region is investigated through the 
calculation of specific absorption rate (SAR) in a simulated breast model in FEKO. It is 
shown by the simulation results that the heating effect can be adjusted by the direction of 
incident wave and the needle insertion direction, and the best heating and focusing effect 
in tumor region is obtained. Then a shielding method which consists of radially 
distributed needles is discussed, and the shielding effect is shown by the smaller Poynting 
vector values in the protected region. The second part of the thesis (Chapter 3 to Chapter 
6) is to deal with the problem of low SNR in an MRI system. A vertical phased coil array 
which consists of a number of vertically stacked surface coils is proposed. The SNR 
increase is firstly explained in theory with the conclusion that SNR can be increased by 
increasing the number of coils in the array provided that the mutual coupling can be 
removed. Then the decoupling method is introduced through a simulated MRI system in a 
laboratory experiment, and good decoupling results are obtained, thus validating the 
feasibility of the proposed vertical phased coil array. The SNR variation with the number 
vii 
 
of coils in the array is shown through a series of rigorous numerical experiments, and it is 
found that in the situation of decoupling, the SNR of the system is significantly increased 
by the vertical phased coil array. Subsequently a multi-layered surface coil array which 
consists of multiple surface coils in both the vertical and horizontal directions is 
developed to increase the SNR of MRI with large field of view (FOV) for scanning large 
samples. The SNR performance of the multi-layered surface coil array is investigated 
through numerical experiments, and improved SNR performance is obtained.  
 
Original contributions: 
1. Investigation on the heating effect of a novel invasive microwave breast cancer 
therapeutic method. 
2. Design of a vertical phased coil array for increasing SNR performance of MRI. 
3. Successful application of a new decoupling method to efficiently remove the 
coupling effect in vertical phased coil arrays. 
4. Design of a multi-layered surface coil array for MRI with both a large FOV and 
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This thesis deals with the application of electromagnetic theory in two aspects: 
microwave cancer therapy and magnetic resonance imaging (MRI). In this chapter, the 
research background of the two aspects is introduced, followed by the thesis organization 
and publications. 
 
1.1 Background of Microwave Cancer Therapy 
 
Heat has been employed medically since antiquity, primarily to reduce aches and pains; 
even its application to cancer therapy is not of recent origin [1]. Several biological facts 
support that heat is more damaging to tumors than to normal cells [1] [2]. Cancer 
thermotherapy is a technique used in the medical treatment of cancer in which tumors are 
heated to therapeutic temperatures (about 43 C - 45 C ) for an extended period to kill the 




Since the beginning of twentieth century, physicians have treated various types of 
tumors using heat alone first and later utilizing a combination of X-rays and systemic 
heat or a combination of chemotherapy and heat [4] [5]. Among the different cases of 
thermotherapy, electromagnetic waves, ultrasonic waves [6] [7], warmed liquids, and so 
on, have been used as heating energy sources [4]. High frequency current was firstly used 
by Riviere in 1900 on skin cancer, but he employed a voltage too low to destroy the cells 
[8]. In 1916, Percy reported that treatment of inoperable uterine carcinomas with local 
heat above 45 C  led to three to seven years’ survivals [9].  Warren first combined 
thermotherapy ( 41.5 C  for many hours) and conventional radiotherapy in 1935, and 29 
out of 32 patients with far-advanced malignancies (of various types) improved in 1-6 
months [10]. The first physician to use microwave for cancer therapy was Denier, who, in 
1936, employed combined L-band microwave (80 cm) and X-rays [11]. Subsequently, 
Brunner-Ornzsteini and Randa reported that the use of L-band microwave (60 cm) 
combined with X-rays caused the disappearance of an X-ray refractory carcinoma [12]. 
 
In recent decades, with the development of electromagnetic numerical analysis and 
the exploration on the interaction between microwave irradiation and human body, 
microwave-induced thermotherapy has attracted increasing attention. Different kinds of 
microwave/RF radiation sources were attempted for cancer therapy systems, such as 
interstitial microwave antenna and arrays [13]-[18], annular phased antenna arrays [19]-
[23], and resonant cavity applicators [24] [25], and in these therapy systems the specific 
absorption rate (SAR) distributions, temperature distributions, or power density 
distributions were evaluated in the phantoms to measure the heating patterns. With the 
3 
 
design of the phased antenna arrays, it is possible to maximize the applied electric field at 
a tumor position in the target body and simultaneously minimize or reduce the electric 
field at target positions where undesired high-temperature regions (hot spots) occur [26]-
[30]. One of the promising attempts on using the focused phased array for cancer 
treatment was conducted by a research group in Lincoln Laboratory in MIT led by Dr 
Alan J. Fenn [31]-[33], and the design could be used for breast cancer and the cancer in 
other organs. Two phases of clinical trials was carried out by applying the equipment of 
the phased array to a large population of patients with breast carcinoma, and the results 
showed that thermotherapy caused tumor necrosis and could be performed safely with 
minimal morbidity [31] [32]. 
 
The microwave cancer therapies were also explored with regard to the locations of 
tumors, including brain cancer [34], bile duct carcinoma [35], prostate cancer [36] [37], 
breast cancer [26] [28]-[33] [38], bladder carcinoma [39], and so on. In the previous 
attempts, various electromagnetic numerical algorithms were employed to efficiently 
evaluate the heating effect of the proposed therapies. For example, in [13], graded-mesh 
finite-difference time-domain (FDTD), together with an alternate-direction-implicit 
finite-difference (ADI-FD) solution of the bioheat equation was used to evaluate the 
temperature distribution in a brain-equivalent phantom. In [23], the moment method and 
the microwave scattering theory were utilized to calculate the E-field distributions and 
SAR values. In order to simulate the specific part of the body where cancer occurs for the 
numerical calculation, various phantom models were employed. In [19], an 
inhomogeneous elliptical phantom for the simulation of human’s lower abdomen was 
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used, and it was filled with two materials, one to simulate muscle and the other to 
simulate fat or bone. In [23], a homogenous cylindrical structure with specific dielectric 
properties was used to model human’s liver. In [38], a 2-D FDTD-based EM model is 
used to calculate the absorbed power density distributions that arise from the ultra wide 
band and narrow band microwave signals in the breast. 
 
This thesis introduces the heating principle of microwave, and investigates an 
invasive microwave therapy for breast cancer to tackle the problem of microwave 
attenuation due to small skin depth so as to heat a tumor at a deep position. 
 
1.2 Background of Magnetic Resonance Imaging 
 
1.2.1 MRI Operation Principle 
 
MRI is a widely used medical imaging technique especially for the superior soft tissue 
images of the human body [40], [41]. Unlike some other imaging techniques like X-ray 
and computed tomography (CT), MRI does not require exposure of the subject to 
ionizing radiation and hence is considered safe.   
 
MRI belongs to a larger group of techniques based on the phenomenon of nuclear 
magnetic resonance (NMR), which was independently discovered by two groups of 
physicists headed by F. Bloch [42] and E.M. Purcell [43]. The basic physical effect at 
work in NMR is the interaction between nuclei with a nonzero magnetic moment and an 
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external uniform static magnetic field, which is usually referred as 
0
B  field. The NMR 
phenomenon is observed when a system of nuclei in 
0
B  field experiences a perturbation 
by an oscillating magnetic field at the resonant frequency, which is also called the 
Larmor frequency and is given as 
 
0 0
B   (1.1) 
where  is the gyromagnetic ratio of the nucleus and it expresses the relationship between 
the angular momentum and the magnetic moment of each MR active nucleus. 
 
Therefore, the principle behind the use of MRI machines can be explained as follows. 
They make use of the fact that body tissue contains lots of water and each water molecule 
contains two hydrogen nuclei or protons, which get aligned in a powerful magnetic field 
B0 and produce bulk magnetization. When human tissue is inside the powerful magnetic 
field B0 of the scanner, the average magnetic moment of many protons becomes aligned 
with the direction of the field 
0
B . A radio frequency transmitter is briefly turned on to 
transmit a RF pulse, producing a varying electromagnetic field. This electromagnetic 
field has just the right frequency, which is the resonance frequency 
0
 , and is absorbed 
by some protons at lower energy state to jump to the higher energy state. After the RF 
pulse is off, the spins of the protons return to thermodynamic equilibrium and the bulk 
magnetization becomes re-aligned with 
0
B , which is called relaxation process. During 
this relaxation, a radio frequency signal is generated, which can be measured with 
receiver coils and subsequently programmed to construct images. A simplified flowchart 





Tissue protons align with B0
RF pulse purterbation
Protons absorb RF energy
Relaxation process
Signal induced in the receiver coil
Read out and program
Construct images
 
Figure 1.1: The simplified flowchart of MRI operation. 
 
1.2.2 MRI Hardware 
 
The key hardware components in an MRI system include a main magnet, a set of gradient 
coils, RF coils, and a computer, as illustrated in Fig. 1.2 [40]. The main magnet is used to 
generate the strong magnetic field – the 
0
B  field, which is uniform over the volume of 
interest. Depending upon the application, permanent, resistive, or superconducting 
magnets may be used. Gradient coils are used to create a linear gradient which is 
superimposed upon the main field, resulting in spatially dependent magnetic field 
0
B . 
From (1.1) the resonant frequency depends on 
0
B , so the resonant frequency of tissue is 
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also spatially dependent.  Therefore, the magnetic field gradients can be used for slice 
selection and to spatially encode the MR signals.  
 
 
Figure 1.2: Block diagram of an MRI system [40]. 
 
The main function of RF coils in a MRI system is to transmit the RF signal pulses to 
the tissues being interrogated and provide the means of collecting the returning MR 
signal information to construct the image. Therefore RF coils are crucial to the SNR of 
the system, which determines the image quality of MRI. Different kinds of coils have 
been designed for good SNR in MRI. Surface coils which have small field of view (FOV) 
are designed to operate efficiently over a limited region of interest. As surface coils do not 
surround the body and are typically placed in close proximity of the body, only the region 
close to the surface coil will contribute to the noise thereby increasing the SNR as compared 
to the use of volume coil that surrounds the corresponding part of the body. Therefore, these 
coils, also known as "local coils," provide high SNR reception over a small geometric area 
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immediately adjacent to the coil. The useful depth of reception for a circular surface coil is 
approximately equivalent to the radius of the coil [44]. Because of their spatially 
inhomogeneous properties, surface coils are generally used for receive-only purposes and is 
usually placed near the surface of the patient such as the chest or lumbar spine.  
 
Since the mid 1980s, it has been recognized that by using arrays of mutually decoupled 
surface coils in MRI, one could acquire multiple images simultaneously [45]. It has also been 
shown that these images could be combined for an improved SNR if the noise in the 
individual images were largely uncorrelated [46]. The theory of phased array coils was first 
proposed by Roemer in 1990 in MRI for achieving a higher SNR over a wider field-of-view 
(FOV) normally associated with body imaging without increase in the scanning time by 
simultaneously acquiring and subsequently combining data from a multitude of closely 
positioned receiving surface coils [47]. In this thesis, we propose a new concept of phased 
coil array which consists of vertically stacked surface coils to further increase the SNR for 
MRI, and the focus of this design is to solve the mutual coupling problem among the coil 
elements in the array. 
 
1.3 Thesis Organization 
 
The work of this thesis covers two aspects. One is on the application of microwave to 
cancer therapy, and the objective is to study the different heating effects of microwave 
power on the healthy tissue and cancerous tissue. The other aspect is on the solution of 
the low SNR problem of MRI, and the objective is to design the phased coil arrays to 
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increase the SNR for MRI and meanwhile solve the mutual coupling problem among the 
coil elements in the arrays.  
 
This thesis consists of seven chapters. Chapter 1 introduces the background of the 
microwave cancer therapy and magnetic resonance imaging, followed by thesis 
organization and publications. In Chapter 2, an invasive microwave breast cancer therapy 
is proposed, and good heating effect with energy focusing in the tumor region is achieved. 
Besides, a new shielding method is studied. In Chapter 3, a new concept of a vertical 
phased coil array is introduced to solve the problem of low SNR in MRI, and it is 
theoretically proved that the SNR can be increased by increasing the number of coils in 
the array if the mutual coupling effect in the array can be removed. In Chapter 4 a 
simulated MRI system is set up in a laboratory experiment to introduce the decoupling 
method and thus validate the feasibility of the vertical phased coil array. Chapter 5 shows 
the SNR variation with the number of coil elements in the vertical phased coil arrays 
through a series of numerical experiments, and the SNR increase is obtained in 
decoupling situation. In Chapter 6, a multi-layered surface coil array is designed to 
simultaneously receive signal from a large FOV for large imaging samples of MRI, and 
its effectiveness is verified by the SNR increase in numerical experiments. Chapter 7 
summaries the conclusion of the thesis, and points out the limitations of the current work 
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Chapter 2  
 




In this chapter, the application of microwave thermal effect in cancer therapy is discussed. 
First, the heating principle of microwave to human body tissue is explained with the 
conclusion that the heat absorbed by the tissue is related to the dielectric properties. 
Based on the sharp contrast of the dielectric properties between normal tissue and 
cancerous tissue in the human breast, an invasive microwave breast cancer therapy is 
proposed and the heating effect is investigated through the calculation of SAR 
distribution in a simulated cancerous breast model. Besides, considering the close 
position of breast and internal organs of human body, a shielding setup which consists of 
a number of radially distributed needles is evaluated by numerical calculation. 
 




Microwave dielectric heating is based on the principle of generating heat for dielectrics 
by applying an alternating electric field [48]. At microscopic level, the dielectric 
materials consist of particles such as atoms and molecules, which are mutually bound by 
intermolecular force. Some particles are permanent electronic dipoles such as water 
molecule, and some balanced particles like the atom which consists of positive nuclear 
and negative electrons will be shifted by the applied electrical field and electronic dipoles 
are created by polarization. With the incidence of electromagnetic wave, the dipoles will 
align themselves with the direction of electrical field, and as the field alternated, the 
rotating particles push, pull, and collide with other particles (through electrical forces); 
thus heating effects are produced through the motion, friction and collision among the 
particles. 
 
Dielectric (ε’, ε”) V
 
Figure 2.1: Parallel-plate applicator. 
 
For example, shown in Fig. 2.1 is a parallel-plate applicator [48], which is excited by 





  is applied, the electrical 
power loss W absorbed in the dielectric is calculated using the complex permittivity 
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j     . As a result, the power loss per unit volume in the dielectric is given by the 
following equation [48] 
 22W f E    (2.1) 
where f is the frequency,    is the imaginary part of the complex permittivity, and E is 
the electrical field. This power loss means that energy is absorbed by dielectric material 
from the electric field, and it indicates that the dielectric materials can be heated 
proportionally to the imaginary part of the complex permittivity of the dielectric material, 
frequency, and the square of the electric field.  
 
2.3 Microwave Thermotherapy for Breast Cancer 
 
Breast cancer is currently one of the major causes of morbidity and mortality in females 
all over the world [49]. Medical techniques such as mastectomy and lumpectomy (breast-
conserving surgery) together with radiation therapy, chemotherapy, hormone therapy are 
mainly used for the treatment, but these methods cannot cure the cancer completely 
without recurrence and have side effects to a great extent [49] [50]. Therefore, more 
efficient techniques are needed. Research in [51]-[53] found a substantial contrast (as 
highly as more than 10 times) of the dielectric constant and the conductivity between 
cancerous and normal tissues in the breast in the frequency band of 0.5 GHz to 20 GHz. 
This, together with the exploration of the microwave heating effect to human tissue, 
spurred the development of microwave breast cancer detection and treatment techniques 
in recent years [26] [28]-[33] [38] [54]-[56]. Because of the skin depth effect, it is 
difficult for external high frequency electromagnetic waves to get into the human body to 
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heat up a deeply located tumor. On the other hand, electromagnetic fields cannot in 
practice be focused or concentrated within a region smaller than approximately one 
wavelength [57]. Thus low frequency waves are not applicable. To circumvent such 
difficulty, invasive methods were commonly proposed and attempted. The advantage of 
an invasive method is that the heat can be more precisely localized in a specific depth and 
position and the disadvantage is the patient’s discomfort to a certain extent. 
 
In this section, we study the specific absorption rate (SAR) in the human breast 
subject to the treatment of an invasive microwave therapy for cancerous cells. We will 
build a numerical model of the human breast and use computer simulations to obtain the 
distribution of SAR in the tumor region and the surrounding tissues. An insertion needle 
in the tumor region is to be investigated as a means to enhance and localize the heating 
effect [31]. The polarization directions of the microwave impinging on the breast and the 
insertion directions of the needle will be critically studied and their effects on the SAR 
values will be carefully analyzed.  
 
2.3.1 Treatment Setup and Numerical Modeling 
 
In a typical microwave treatment of breast cancer patient, the operation table is made of 
iron with an opening, of which the size is similar to the base perimeter of the breast. The 
table is covered with a carpet for the convenience of the patient. The patient lies prone on 
the table, with the breast extending through the opening so that the breast is pendent like 
a half ellipsoid. The treatment is done under the table. A linearly polarized plane wave at 
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a microwave frequency is shone on the breast. A metallic needle is inserted into the 
breast to precisely guide and focus the microwave thermal effect to the tumor region. The 
sketch of treatment setup is shown in Fig. 2.2. Because of its very small skin depth, the 
iron table can shield the electromagnetic wave from entering body. However it is possible 
that the microwave power goes through the opening and affects the internal organs. So 
the power absorbed by the internal organs should also be considered in the treatment. 
 
 
Figure 2.2: A sketch of the treatment setup for a microwave invasive method, modified 
from [26]. 
 
A phantom model for the human body has been used to construct the numerical 
model for computer analysis. It consists of the internal organs (taking the heart as an 
example), the breast including the tumor, subcutaneous fat (sub fat), and muscles. The 
breast part is modified from a real case with an ID: 012204 in an online phantom 
repository [58]. It is a normal breast without cancer so a tumor region has to be defined 
separately in this study. With this phantom model, a numerical model is constructed for 
computer simulation by using FEKO [59]. The iron table is modeled as a PEC surface of 
1m×1m on the XOY plane. The breast part is below the table, and is modeled as a half 
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ellipsoid with a spherical tumor region embedded inside it. Above the table, the heart, sub 
fat, and the muscles are modeled as layers of dielectric materials. All the modeled 
dielectric materials are taken as homogeneous. Their dimensions [60] and dielectric 
properties [51], [61] are shown in Table 2.1 and Table 2.2. The whole numerical model in 
FEKO is shown in Fig. 2.3 with the needle inserted along the direction parallel to the y-
axis. 
 
Table 2.1: The dimensions of the different parts of the breast model. 
 
Medium Model Dimension 
heart cuboid 17.6 cm×17.6 cm×2.0 cm 
muscle cuboid 17.6 cm×17.6 cm×0.5 cm 
sub fat cuboid 17.6 cm×17.6 cm×1.5 cm 
breast fat lower half of 
an ellipsoid 
centered at (0, 0, 0), with three radii of 
7.2 cm, 7.2 cm, and 11.8 cm, 
tumor sphere centered at (0, -3 cm, -4 cm), with 
a radius of 2 cm 
 
Table 2.2: The dielectric properties of each medium in the breast model at a frequency of 
1GHz. 
 
Medium  Permittivity ε Conductivity σ   
heart 59.29 1.2836 
muscle 54.81 0.9782 
sub fat 6.67 0.5093 
breast fat 5.41  0.0528 





Figure 2.3:  The YOZ cutting plane of the model in FEKO. 
 
2.3.2 Numerical Calculation of SAR 
 
2.3.2.1 SAR Expression 
 
The RF energy absorption in human tissues can be described by the Poynting Theorem 
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E dv  
represents the dissipated real power, i.e., absorption power by the dielectric materials, 
where E  is the peak amplitude of electrical field in the human tissue, and σ is effective 
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conductivity. Specific absorption rate is defined as the time derivative of the incremental 
energy (dw) absorbed by an incremental mass (dm) contained in a given volume element 
(dv) of a given density (ρ) [63] and it is related to E-field of steady-state sinusoidal 








   (2.3)                         
By assuming that the heat-conduction is negligible in the tissue material, SAR is directly 







   (2.4)     
where T denotes the temperature, t stands for the time, and 
s
C  represents the specific heat 
capacity of the material. Therefore, the SAR is a good thermal dosimetric measure. In the 








    (2.5)               
and the SAR distribution in the whole model are taken as the major parameters for 
measuring the heating and focusing effects in the characterization. 
 
2.3.2.2 FEKO Calculation 
 
To evaluate the SAR in the model of the invasive breast cancer treatment, a hybrid 
FEM/MOM method is employed to do the numerical calculation in FEKO as it features a 
full coupling calculation between metallic wires and surfaces in the MOM region and the 
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heterogeneous dielectric bodies in the FEM region [64], [65]. In our study, as a result of 
the very thin needle and high permittivity of dielectric media being modeled, a finer 
meshing scheme was adopted until converged results were achieved. Besides the very 
fine mesh size, the following techniques are also applied to the model to speed up 
simulation process and improve the accuracy of the results: 
1) The metallic wire inside the FEM dielectric is replaced by a metallic strip with width 
of four times of the radius of original wire [66]. 
2) An air enclosure is added to the model to reduce the number of elements on the 
outmost surface and thus the required memory and runtime. 
 
For biological bodies, RF energy is absorbed more efficiently at frequencies near the 
body’s natural resonant frequency, and resonance occurs when the object length is about 
four-tenths of a wavelength [67]. For the dimension of the model in this study, 1 GHz is 
taken as the frequency of the incident plane wave to achieve a higher SAR value and 
more efficient heating effect. 
 
2.3.3 Simulation Results and Discussions 
 
The simulation was performed by FEKO 6.0. The SAR distribution in near field and the 
volume-average SAR in each medium were calculated. Considering the high operation 
skills required for deep and accurate insertion with a thin needle and patient’s tolerance in 
practice, a wire with a radius of 0.8 mm that is similar to the probe in [26] was initially 
selected as the insertion needle. Then a thinner wire with a radius of an acupuncture 
needle (0.08 mm) was tested to see the relation of heating efficiency to the needle’s 
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radius. The length of the needle is 90 mm in the two cases. First different cases of 
simulation were done with respect to the following two significant factors: polarization 
direction of incident plane wave and the needle insertion direction. 
 
2.3.3.1 Polarization Direction of the Incident Plane Wave 
 
To investigate the polarization effect of the illuminating plane wave, the needle insertion 
direction is kept fixed along y-axis as shown in Fig. 2.3. The incident plane wave is 
linearly polarized with the E-field magnitude of 1 V/m. Because of the symmetry of the 
model profile, two cases are considered, as shown in Fig. 2.4. For Case 1, the plane wave 
is incident along the +z direction (θ = 0°) and the polarization direction is along the +x 
direction. For Case 2, the plane wave is incident from an oblique angle of θ = 120°, with 
the polarization direction close to the vertical direction. The calculated volume-average 
SAR values in each medium for the two cases are recorded in Table 2.3. 
 
From the calculated results, it is clear that the case of oblique incidence gives a higher 
heating efficiency because of the higher SAR values. Furthermore, the volume-average 
SAR in the tumor region is much higher than those in other regions, thus good focusing 
and heating effects having been achieved. As the volume-average SAR is very low in the 
heart region, the internal organs are less affected. The oblique incidence case is taken for 





Figure 2.4:  The incident directions of the plane wave in the two cases. The blue arrow 
represents the incident direction while the red arrow represents the polarization direction. 
 
Table 2.3: Volume-average SARs in each medium of the plane wave incidence directions 
labeled as Case 1 and Case 2 in Fig. 2.4. 
 
Medium 
Average SAR (W/kg) 
Case 1 Case 2 




































2.3.3.2 Needle Insertion Direction 
 
To investigate effect of the needle insertion direction on the heating effect, the direction 
of needle insertion is adjusted horizontally as shown in Fig. 2.5 and vertically as shown 




Figure 2.5:  The method of horizontally adjusting the needle insertion direction. In Case 1, 
the insertion direction is along y-axis. In Case 2, the needle is rotated horizontally from 




Figure 2.6:  The method of vertically adjusting the needle insertion direction. In Case 1, 
the insertion direction is along y-axis. In Case 2, the needle is rotated vertically from the 
position in Case 1 around the center of the spherical tumor downwards by 30°, and in 






Table 2.4: Volume-average SARs in each medium for the needle insertion directions 
shown in Fig. 2.5. 
 
Medium 
Average SAR (W/kg) 
Case 2 Case 3 




































Table 2.5: Volume-average SARs in each medium for the needle insertion directions 
shown in Fig. 2.6. 
 
Medium 
Average SAR (W/kg) 
Case 2 Case 3 




































By comparing the results of Cases 2 and 3 in Fig. 2.5 and Cases 2 and 3 in Fig. 2.6, it 
can be seen that Case 3 in Fig. 2.6 has the best heating efficiency in the tumor region as 
indicated by the highest volume-average SAR value in tumor region. The SAR distribution 
for Case 3 in Fig. 2.6 is shown in Figs. 2.7 and 2.8. These two figures show that a good 
heating effect localized on the tumor is obtained and the SAR values are higher at 







Figure 2.7:  (a) The SAR distribution on the cutting plane of x = 4 mm, and (b) the SAR 
distribution on the cutting plane of z = -38 mm. The maximum limit of label is manually 
scaled to 1 mW/kg for good visualization of the focusing effect, and the actual peak value 





Figure 2.8:  The SAR distribution in the tumor region on different cutting planes at x = 0, 
5, 10, 15, and 20 mm respectively. 
 
Besides the above two more important factors, the radius of the needle also affects the 
volume-average SAR but to a lesser extent. The simulation of Case 3 in Fig. 2.6 is done 
again with a much thinner insertion needle having a radius is 0.08 mm (the thinnest 
Chinese acupuncture needle). Results show that the volume-average SAR of tumor region 
is 4.52410-4 W/kg, which is slightly smaller than the case with a thicker needle. 
Therefore the heating effect is not very sensitive to the radius of the needle. In a practical 
invasive treatment, the radius of the needle can be determined by the requirement of the 





In this study, the volume-average SARs and SAR distributions in a breast model for a 
microwave breast cancer therapy are evaluated by using a hybrid MOM/FEM method 
implemented in FEKO. The objective is to find the best heating and focusing effects that 
can be achieved by exerting different polarization microwave sources and the application 
of an inserted needle for wave guidance to the tumor area. Based on the simulation 
results, it shows that when the incident plane wave is shone from the side direction to the 
breast model (with the wave polarization direction perpendicular to the human body) 
rather than from the front direction (with the wave polarization direction parallel to the 
human body), a much higher volume-average SAR value can be obtained. The heating 
efficiency can be further enhanced by adjusting the insertion direction of a needle. On the 
other hand, the radius of the inserted needle has only a non-significant effect on the 
heating efficiency. Our results also reveal that during the treatment, energy focusing 
effect in the tumor region is well achieved and the volume-average SARs in the heart 
region are generally very low so that the internal organs are only slightly affected.  
 
2.4 Shielding Effects of Radially Distributed Needles  
 
In Section 2.3, the iron table in the treatment setup provides a good shield for preventing 
the microwave power from affecting the internal organs of human body. In this section, 
another shielding method which consists of a number of radially distributed needles is 
proposed, and the shielding effect is demonstrated by the calculation of Poyntng vector in 
the near field. For determining the current distribution on the needles, the wire integral 
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equation is used with the moment method to develop a simple and efficient procedure to 
treat the scattering problem in this study. 
 





Figure 2.9: The positioning of the radially distributed needles on XOY coordinate plane. 
 
Figure 2.9 shows the positioning of eight radially distributed needles for shielding in free 
space. The gap between two opposite needles is 4cm, and each needle has the length of 
20 cm and radius of 0.2 mm. Let us assume that an incident plane wave propagating 
towards +z direction impinges on needles on the XOY plane. The electrical field of the 
incident wave is represented by iE , and it will induce a linear current on the needles and 
the induced current will reradiate and produce an scattered electric field, denoted by sE . 
Therefore, at any observation point in the space the total electric field tE  can be written 





E E E   (2.6) 
where sE  can be represented using magnetic vector potential A  and electric scalar 
potential   as   
 
s
E j A      (2.7) 
Because the needles are perfect electrical conductor (PEC), when the observation point is 
moved to the surface of the needles, the total tangential electric field vanishes and 






























        (2.10) 
where 'R r r   is the distance between an arbitrarily located observation point r  and 
a source point r  , ( )I r   is the induced current, k is the wave number,   is the angular 
frequency of incident wave,   and   are respectively the permittivity and permeability 
of the surrounding medium, which is air in this specific case. Eq. (2.8), together with (2.9) 
and (2.10), constitutes the electrical field wire integral equation (EFWIE) [68], which 
will be solved subsequently by the moment method to calculate the induced current ( )I r   




2.4.2 Basis Functions 
 
To determine the current distribution on the needles by the moment method, each needle 
is meshed into a total number of N small linear segments. The following triangular-type 
basis function associated with the n-th node of each meshed needle is used to 
approximately represent the unknown current ( )I r  [69]: 
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Figure 2.10: The illustration of the vectors in the triangle basis function. 
 
Therefore, the current at each observation point r can be expressed as  
 
1




I r I f r

   (2.12) 
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where N  is the total number of unknowns for the calculation. 
 
2.4.3 Testing Procedure 
 
The next step in the moment method is to select a testing procedure. In this study we 
choose Galerkin’s method [70], which uses the expansion function as testing functions. 
With a systematic product defined as  
 , ,
l
f g f gdl   (2.13) 
Eq. (2.8) is tested with 
m
f , yielding 
 , , ,i
m m m
E f j A f f     (2.14) 
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Thus we have 
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     (2.17) 
32 
 
In (2.17) the average of   over each segment has been approximated by the value of   
at the centroid of the respective segment, that is, the center of the segment as it is even. 
Therefore, we have  
 , ( ) ( )
c c
m m m
f r r  
 
    (2.18) 
With similar approximation, the terms related to vector potential and incident field in 
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Therefore, (2.14) can be rewritten as  
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2.4.4 Matrix Equation Derivation 
 
Substitution of the current expansion (2.12) into (2.21) yields an N N  system of linear 
equations which may be written in the matrix form as  
 ZI V  (2.24) 
where [ ]
mn
Z Z is an N N  matrix, [ ]
n
I I  and [ ]
n
V V  are both column vectors of 
length N. Elements of vectors V , Z  and I  are given by  
 ( ) ( )
i c c i c c
m m m m m
V E r E r 
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   (2.25) 
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Based on the above procedure, the column factor [ ]
n
I I  can be derived by Fortran 
programming. Thus we can determine the induced current on the needle by (2.12). 
 
2.4.5 Calculation of the Near Field and the Poynting Vector 
 
Once the induced current on the needles is determined, the scattering field in the near 
zone can be easily derived. For the convenience of calculation, the results are given in the 
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(2.33)                                                    where 
where 
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2.4.6 Numerical Results and Shielding Effect 
 
Based on the above discussion, the average Poynting vector in near field of eight radially 
distributed needles on the XOY coordinate plane is calculated at cutting planes of x=20 
cm, x=15 cm, x=10 cm, x=5 cm, and x=0, as shown in Fig. 2.11. 
































































































































































Figure 2.11: The average Poynting vector (W/m
2
) on the cutting planes of (a) x=20 cm, (b) 
x=15cm, (c) x=10 cm, (d) x=5 cm, and (e) x=0. The white region in the figures represents 
the values there exceed the maximum of the scale. 
 
From Fig. 2.11, it can be seen that when the incident electromagnetic wave impinges 
on the needles from under the plane where the needles are radially distributed, the 
Poynting vector in the upper half region has a much smaller value than that in the lower 
half region, indicating good shielding effect. Numerical results also show that by 
increasing the number of needles the shielding effect is stronger.   
 
2.5 Chapter Summary 
 
This chapter introduces the application of electromagnetic theory in cancer therapy, with 
focus on microwave breast cancer treatment. The setup of invasive breast cancer therapy 
is modeled in FEKO, and a series of simulations with regard to the direction of incident 
wave and polarization direction are conducted to find the best heating effect in the tumor 
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region. The simulation results also show that during the treatment, energy focusing effect 
in the tumor region is well achieved and the volume-average SARs in the heart region are 
generally very low so that the internal organs are only slightly affected. The last part of 
this chapter describes a novel shielding method which consists of eight radially 
distributed needles, and the shielding effect is demonstrated through the comparison of 
the Poyning vector in the regions above and below the needles plane, which is calculated 










Design of the Vertical Phased Coil Array for 
Increasing the SNR of MRI 
 
3.1 Introduction  
 
Due to the weak MRI signal and the noise originating from the various components of the 
MRI system, the search for methods to increase the SNR in MRI has attracted great 
attention from academic and clinical research [72]-[75]. In this chapter, we introduce a 
new concept of a vertical phased coil array to solve the problem of low SNR in MRI. 
Through theoretical analysis, it is proved that the SNR can be increased by increasing the 
number of coils in the array if the mutual coupling among the coil elements in the array 
can be removed.  
 
3.2 Motivation of the Design  
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A conventional helical coil that consists of m turns of wire can increase the pick-up 
magnetic flux in a changing magnetic field. Even though this may increase the coil 
resistance by a factor of m, the noise voltage is only  
proportional to its resistance by R , and consequently the 
SNR will be increased by m . However, this argument is fallacious for the effect of 
phase cancellation [76]. As shown in Fig. 3.1, the helical coil has so many turns that the 
total length of it is a wavelength   at the frequency of interest. Then it takes one period 
of oscillation for unit current, alternating at the Larmor frequency, to travel down the 
wire. In other words, the current will suffer a progressive phase shift of 360  . Thus the 
contributions to the field at the center of the helical coil will have all phases, and the 
resultant field will be rather small – the opposite of our purpose. This type of coil, termed 
a helical resonator (and, in practice, the length of the wire is somewhat less than a 
wavelength because of capacitance between the turns), has an excellent Q factor 
generally, and most of the magnetic energy is stored close to the wire, rather than the 
regions where a sample might be. Therefore, from the principle of reciprocity it makes a 
very poor receiving coil for a MRI system [76]. 
 
In our study, we introduce a new method to improve the SNR in MRI by using the 
phased array method [47]. By turning each turn of the above helical coil into a coil 
element whose output voltage is combined together with the voltages of all other turns in 
a proper way, a vertical phased coil array (in comparison to the horizontal phased coil 
array in [47]) is obtained. It will be shown in the following chapters that such a vertical 
phased coil array not only can solve the problems of phase cancellation and mutual 
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coupling, it can further increase the SNR of the system by increasing the number of coil 
elements in the array.  In a circuit-noise dominant situation, such as low field MRI 
systems [77] [78], this method provides a simple and effective method to improve the 
SNR performance.  
 
 
Figure 3.1: A helical coil and the phase cancellation effect. 
 















Figure 3.2: The proposed vertical phased coil array with a combiner for increasing the 
SNR in MRI. 
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The configuration of the proposed vertical phased coil array with m coils is shown in Fig. 
3.2. The coils are closely stacked together and the terminal voltages of coils are weighted 
and combined by a combiner to form a vertical phased coil array and a single output 
voltage is produced. The terminal voltage vector 
t
V  for the coil array is given by: 
 
t c s
V = V + N + N . (3.1) 
The detailed element-wise expression is: 
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 (3.2) 
where V  is coupled signal voltage vector, cN  is the vector of the circuit noise voltages 
mainly originating from the low-noise amplifier (LNA) input impedances and the coil 
resistance, and 
s
N  is the vector of the sample noise voltages originating from the imaged 
sample. Note that, same as the phased array coils in [47], the vertical phased array coils 
in Fig. 3.2 are assumed to be connected to the input stages of the LNAs through lossless 
phase shifters and transformers. The sample noise 
s
N  is mainly the random electric field 





V  W V  (3.3) 
where W  is the combiner weight vector and the superscript “H” denotes the Hermitian 
operation. We can write the signal and the noise voltages in terms of coupled and 
uncoupled components as follows: 
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C , and 
s
C  are respectively the signal, circuit noise, and sample noise 
coupling coefficient matrices, and V , 
c
N , and 
s
N  are respectively the uncoupled signal, 
circuit noise, and sample noise voltage vectors. The signal-to-noise ratio (SNR) at the 













Due to the very close separation between the coils (this requirement is necessary as 
shown in the results in later chapters), we shall investigate the SNR in (3.7) in two cases: 
with mutual coupling among the coils and without mutual coupling among the coils. 
 
1) Without mutual coupling among the coils 
 
When there is no mutual coupling among the coils, i.e., V = V , 
c c
N = N , and
s s
N = N , 





H H H H
i c c i i s s i


   
W V
W N N W + W N N W
 (3.8) 
where the subscript “i” signifies the state of “isolated” operation of the coils. In this 
study, we consider the SNR under a simple combiner vector as: 
  1 1  1 .
T
i
W  (3.9) 
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This is the simplest and the most easily realizable combiner which just adds the coil 
voltages together without any modification.  Other more sophisticated combiners, such as 
the optimum combiner, perform as well but require more complicated circuit designs. 
 







V V V m V       W V . (3.10) 
The second equality in (3.10) is due to the fact that the coils are in close proximity so that 




V V V V      . For 
the noise output voltages, they are respectively, 
 
2 2H H H
i c c i c i i c
m    W N N W W IW  (3.11) 
 
2H H H
i s s i s i e i




  is the noise variance of the circuit noise, 
2
s
  is the noise variance of the 
sample noise, I is the m m  identity matrix, and 
e
K  is the sample noise correlation 
coefficient matrix defined similar to the electric coupling coefficient matrix in [47] (eq. 
(10) in [47]). The identity matrix I in (3.11) and the 
e
K  matrix in (3.12) indicate the 
correlation characteristics of the circuit and sample noise, respectively.  Circuit noise is 
assumed to be generated independently by the respective LNA input impedances and coil 
resistance, and hence they are totally uncorrelated. On the other hand, sample noise 
comes from a single source, i.e., the thermal noise processes inside the imaged sample.  
Hence the sample noise voltages are highly correlated if the coils are closely stacked 
together [80]. The worst case is that the sample noise voltages are fully correlated and in 
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such a case, 
e




i s s i s
m   W N N W   (3.13) 
By putting (3.10)-(3.13) into (3.8), the SNR can be derived as: 




. (If sam ple noises are fully correlated )
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H
















Eq. (3.14) shows that the signal-to-circuit noise ratio (SCNR) increases with m  and 
hence the overall SNR can be improved by increasing the number of coils in the array. 
Specially for low field MRI (B0 < 1T) where the circuit noise is the dominant noise in the 









  (3.15) 
and apparently the SNR can be increased with m . 
 
2) With mutual coupling among the coils 
 
When there is mutual coupling among the stacked coils as in a practical case, the result in 
(3.14) cannot be obtained. By using (3.4)-(3.6), the signal and noise voltages V , 
c
N , and 
s









c c c c c
 N = (I - C ) N = T N  (3.17) 
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T = (I - C ) , 
-1
c c
T = (I - C ) , and 
-1
s s
T = (I - C ) . By using (3.16)-(3.18), the SNR 
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W  is the vector of the combiner coefficients yet to be determined, and the terms 
H
c c
 N N  and 
H
s s
 N N  have been replaced by 
2
c
 I  and 
2
s e
 K , respectively. The 
subscript “mc” in (3.19) signifies the state of operation of the coils being affected by 
“mutual coupling”.  
 
From (3.19), we can obtain the summation of the uncoupled signal voltages from the 
combiner (same as the case when there is no mutual coupling) if we choose the combiner 
coefficients such that 
  1 1 1
TH H
mc v i




m c v i
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W T W  (3.21) 
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 T T  (3.26) 
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W W + W K W   
 (3.27) 
For the coupled noise powers in (3.23) and (3.24), we can use a physical explanation to 
deduce a relation between them and the respective uncoupled noise powers.  As the total 
noisy sources in the coil array is unchanged whether it is a coupled or uncoupled case, the 
amount of total circuit noise produced is also unchanged in either case (if the negligible 
amount of radiated noise power is ignored).  However, in the coupled case, the coupled 
noise going through the coupled paths to other coils will experience power loss in the 
paths, leading to a smaller total amount of noise power being dropped across the coils’ 
terminal loads when compared to that of the uncoupled case. (This physical explanation 
is also verified by the numerical experiments in Chapter 5.) The same reason can also be 
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+ W K W
   
 (3.30) 
This lower bound is the same as (3.14), i.e., for the no-mutual-coupling case. Therefore, 
we can obtain a similar conclusion as for (3.14) and (3.15), i.e., the SNR can be increased 
by increasing the number of coils in the array. However, we have to point out that this 
method cannot improve the signal-to-sample noise ratio as can be easily seen from (3.14) 
and (3.30).  The reason is that both the signal and the sample noise come from the same 
source, the imaged sample. Hence any spatial filtering method, such as this vertical 
phased coil array, cannot distinguish between them or to remove one while retaining the 
other.  
 
Seeing from (3.21), in order to build the proposed vertical phased coil array, the 
crucial pre-requisite is to realize the combiner coefficients in (3.21), which requires the 








T  will be discussed in the next few chapters. 
 
3.4 Chapter Summary 
 
This chapter introduces a vertical phased coil array to increase the resultant SNR in an 
MRI system to improve the image quality. It has been demonstrated in theory that the 
SNR can be increased by increasing the number of coil elements in the array provided 
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that the mutual coupling in the array can be removed. Subsequently in Chapter 4 and 







Chapter 4  
 





As discussed in the Chapter 3, the SNR increase can be realized by increasing the number 
of coils in the proposed vertical phased coil array if the combiner coefficients 
mc
W  can 
be determined and hence the combiner output voltage will be the sum of decoupled 
voltages, which is approximately equal to mV  , where m is the number of coils in the 
array. That is, the modification made by combiner coefficients to each coil output is a 
decoupling process for each coil element in the array. From (3.21), the determination of 
combiner coefficients 
mc




T  for 




Compared to the traditional far-field antenna arrays, mutual coupling is inherently 
more serious in the vertical phased coils array for MRI because the coils in MRI are 
receiving in the near-field region with the coil elements closely positioned compared to 
those of the traditional far-field antenna arrays in the order of a half wavelength. The 
mutual coupling is closely related to the separation between coil elements because in 
essence the mutual coupling is due to the scattering of the current on the coil element 
induced by the incident wave. In view of this, some decoupling methods have been 
advocated to minimize mutual coupling effect [47] [81]-[83], but there are some 
constraints in using these decoupling methods for MRI phased coil array. For example, as 
discussed in [47], the detrimental mutual coupling effect could be minimized by partially 
overlapping the adjacent coils and using low input impedance amplifiers in the design of 
surface coil arrays. However, overlapping is not a pertinent decoupling method for MRI 
because it reduces the imaged area and also constrains the positioning of the coils [84] 
[85]. Moreover, the use of low input impedance preamplifiers for removing the coupling 
among non-overlapping coil elements sacrifices the condition of maximum power 
transfer [84].  
 





T  are the mutual impedances of the coil antennas. More specifically, these 
mutual impedances are the receiving mutual impedance [86] as the phased array coils are 
in the receiving mode of operation. In this chapter, we use a different decoupling method, 
which is based on a modified post-processing compensation method that has been 
suggested for use for traditional far field antenna arrays [87]. The method utilizes the 
52 
 
knowledge of the MRI signal source (i.e., the active slice) to calculate receiving mutual 
impedances which is used to quantify the coupling signal in a more accurate manner. By 




T  and 
thereby combiner coefficients 
mc
W , the uncoupled voltage at each coil element will be 
retrieved and the combiner output voltage will be the sum of decoupled voltages. The 
detailed procedures of determining the decoupling matrix and realizing the decoupling in 
the array will be shown through a laboratory experiment of a simulated MRI system with 
a vertical phased coil array for receiving, thus validating the feasibility of the method for 
increasing SNR of MRI. 
 
4.2 Experimental Setup for a Simulated MRI Environment 
 
VNA








The experimental setup of a simulated MRI system [88] is illustrated in Fig. 4.1. It 
consists of two vertically stacked phased array coils as receivers, a source coil for 
transmitting signal, a phantom load, and a vector network analyzer (VNA) for measuring 
the scattering parameter S21 and thereby determining the received signal strength. 
 
4.2.1 Construction of the Receiving Phased Array Coils 
 
Two square strip coils operating at 85 MHz are constructed for the experiment. The size 
of each individual square coil is 120x120 mm copper tape with width of 10 mm and 
thickness of 0.07 mm is used for the conductor. Six distributed non-magnetic chip 
monolithic ceramic capacitors (American Technical Ceramics) and two capacitor 
trimmers (Murata, America) are used to allow a simple approach for tuning and matching. 
Apart from tuning and matching, the distributed capacitors around the coil can provide a 
more linear distribution of current around the coil and also help in reducing frequency 
shifts associated with dielectric loading [89]. Shown in Fig. 4.2(a) is the dimension of the 
coil element and its capacitors value. The method for designing this square strip coil is 
introduced in Appendix 1, and this method is also used for designing the other coils 
throughout this thesis study. The coil is constructed on a 5 mm thick polystyrofoam 
material. In the experiment, the two coils are closely stacked together to create the 










Figure 4.2: (a) The schematic diagram of a phased array coil with the positioning of the 
distributed capacitors and trimmers to tune the coil’s resonance frequency to 85 MHz and 
to match it with the system impedance of 50. (b) A photograph of the fabricated coil 
elements in the experiment. 
 




To mimic an MR signal source emitted by an active slice after the application of RF pulse 
(B1 field) and gradient coil, a source coil operating at 85 MHz is used as the radiation 
source for the experiment.  The size of the source coil is 160x290 mm so that it can 
sufficiently cover the FOV of the receiving coils. The materials and type of capacitors for 
constructing the source coil are the same as previously described for the single coil 
element. The dimensions of the source coil are shown in Fig. 4.3(a), and a photograph of 
it is shown in Fig. 4.3(b).  
 
                                           (a)                                                         (b) 
 
Figure 4.3: (a) The dimension of the source coil and the positioning of the distributed 
capacitors and trimmers. (b) A photograph of the fabricated source coil. 
 




The function of the phantom is to simulate the loading effect of the imaged body part on 
the array coils. In this experiment, we use a cylindrical phantom, which is of 162 mm in 
diameter and 360 mm in length. It is a solution mixture of NiSO4 and NaCl and has 
dielectric properties of 48.6   and 0.6 S/m  . A photograph of the phantom is 








The VNA in the setup is used to measure the scattering parameter
21
S  at each coil 







  (4.1) 
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where   is the square root of the power output from the transmitting port of the VNA, 





   (4.2) 
where V  is the voltage received by the coil and 
L
Z   is the system impedance of 50  . In 
this experiment, in order to measure the received signal by each coil, the source coil is 
connected to the transmission port of the VNA and acts as a magnetic field source 
radiating at a frequency of 85 MHz. The stacked array coils are connected to the 
receiving port of the VNA. 
 
4.3 Measurement Results and Discussions  
 




T  and thereby the 
combiner coefficients 
mc
W  consists of two parts: the measurement of the receiving 
mutual impedances of the two stacked coils (i.e., to determine the combiner coefficients 
in (3.21)) and the measurement of the total voltage output, Vout, to test the validity of the 
combiner coefficients. For the first part, the measurement procedure in [91] is followed. 
The measurement steps are listed below: 
1) Measure S21 at coil 1’s terminal with coil 2 connected to a terminal load ZL. Denote 
it by 
21 _ 1
S , which is the coupled signal voltage at coil 1 
1
V . 
2) Measure S21 at coil 2’s terminal with coil 1 connected to a terminal load ZL. Denote 
it by 
21 _ 2





3) Measure S21 at coil 1’s terminal with coil 2 removed. Denote it by 21 _ 1S  , which is 
the uncoupled signal voltage at coil 1 
1
V  . 
4) Measure S21 at coil 2’s terminal with coil 1 removed. Denote it by 21 _ 2S  , which is 
the uncoupled signal voltage at coil 2 
2
V  . 
With the measured 
21
S  values in the above four steps, the receiving mutual impedances 
12
t
Z  and 
21
t
Z  can be determined as [91]: 
 







  (4.3) 
 







  (4.4) 
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T  (4.5) 
The variations of the measured receiving mutual impedances 
12
t
Z  and 
21
t
Z  with coil 
separation are shown in Table 4.1. It can be seen that both 
12
t
Z  and 
21
t
Z  decrease rapidly 
with the increasing separation distance between them. This indicates that the mutual 
coupling effect decays rather fast with coil separation. 
 
In the second part of measurement, we measure the combiner output voltage, Vout, to 




T  (and hence the combiner 
59 
 
coefficients as in (3.21)). The procedure is to measure the terminal voltages of the two 
stacked coils, i.e., 
1 2
 and V V . These are the coupled signal voltages (see (3.4)). Then we 




T  (as determined in the first part of the 
measurement procedure) to compute the uncoupled signal voltages 
1 2
 and V V   as in (3.16). 
As indicated by the numerator of (3.30), the combiner signal output voltage is given by 
1 2
V V  , which is approximately 2 V   if the coil separation is small such that 
1 2
V V V    . To test the validity of the uncoupled signal voltages 
1 2
 and V V  as computed 




T , we also measure the uncoupled signal voltages 
directly and they are denoted by 
1 2
 and V V  . This is done by measuring the terminal 
voltage of one coil while the other coil is taken away from the array. These measured 
uncoupled signal voltages are then compared with the computed uncoupled signal 
voltages 
1 2
 and V V  . 
 
Table 4.1: The receiving mutual impedances of the two stacked array coils with 
separation. 
 
Coil Separation (cm) 







0.5 -312.18+ j 960.63 -221.73+ j 906.11 
1.0 -187.40+ j 827.47 -125.60+ j 736.35 
1.5 -132.90+ j 699.60 -58.40+ j 582.49 
2.0 -91.49+ j 626.27 -15.08+ j 456.72 
2.5 -63.97+ j 544.88 13.42+ j 351.79 




Fig. 4.5 shows the result of the combiner output voltage of the two stacked phased 
array coils in comparison with the measured uncoupled voltages 
1 2
 and V V   and the sum 
of the coupled voltages 
1 2
V V . The separation between the two stacked coil is d =0.5 
cm and the results are shown over a bandwidth of 200 kHz centered at 85 MHz. From 
this figure, it can be seen that the combiner output voltage (
1 2
V V  ) is about -6 dB 
whereas the measured uncoupled voltages 
1 2
 and  V V   are about -12 dB (6 dB down 




T  (and hence the combiner coefficients 
m
W ) correctly gives the combiner output 
voltage which is about twice (6 dB) the measured uncoupled voltages 
1 2
 or  V V  . On the 
other hand, the sum of the coupled voltages 
1 2
+V V , as shown in Fig. 4.5, is only about -
32 dB, which indicates a strong mutual cancellation of the 
1 2
 and V V  (due to strong 
mutual coupling effect and phase cancellation as observed in the conventional solenoid 
realization method [76]) if they are simply added together (i.e., without any decoupling 





T  obtained in the first part of the experiment. 
 
Fig. 4.6 depicts the percentage errors of the combiner output voltage 
 1 2 1 2 1 2 100%V V V V V V           and the sum of the coupled voltages 
 1 2 1 2 1 2 100%V V V V V V        . It can be seen that the percentage error in the 
combiner output voltage is much smaller than the error in the sum of the coupled voltages 
which is nearly 100%. Throughout the whole bandwidth, the percentage error of the 
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combiner output voltage is below 10%. This figure shows that the proposed stacked 
phase coil array does not work unless the strong mutual coupling effect between the coil 
elements is effectively removed. It should be noted that in computing the uncoupled 
voltages 
1 2





is measured only at a single frequency of 85 MHz. This explains why the percentage 
error of the combiner output voltage is zero at 85 MHz. 
 
 
Figure 4.5: The voltage relative magnitude of the combiner output 
1 2
V V  , in 
comparison with the individually measured uncoupled voltages of the two stacked coils 
1 2
 and  V V   and the sum of the coupled voltages 
1 2
V V . The separation between the 
two stacked coils is d =0.5 cm. 
 





































V V   
Measured uncoupled voltage of coil 1 
1
 V   
Measured uncoupled voltage of coil 2 
2
 V   




Figure 4.6: The percentage errors of the combiner output voltage 
1 2
V V   and the sum of 
the coupled voltages 
1 2
V V  with d =0.5 cm. 
 





































0.5 -6.23 -0.15 0.15 -6.08 -6.38 -31.88 
1.0 -6.47 -0.39 0.41 -6.08 -6.89 -30.43 
1.5 -6.76 -0.68 0.72 -6.08 -7.48 -28.93 
2.0 -7.07 -1.00 1.10 -6.08 -8.18 -27.72 
2.5 -7.42 -1.35 1.55 -6.08 -8.98 -26.42 
3.0 -7.80 -1.72 2.08 -6.08 -9.88 -25.40 
 
In Table 4.2, we tabulate the performance of the combiner output voltage in 
comparison with the measured uncoupled coil voltages, 
1 2
 and V V  , at different coil 
separations. As expected, the difference between the combiner output voltage H
m
W V  and 
the double of the measured uncoupled coil voltages (columns 3 and 4) increases with the 
coil separation. At d = 0.5 cm, they are -0.15 dB and 0.15 dB, respectively. At d = 3.0 cm, 
they increase to -1.72 dB and 2.08 dB, respectively. As the coil mutual coupling has been 

























Sum of coupled voltages 
1 2
V V  
Combiner output voltage 
1 2
V V   
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T , the difference 
between the combiner output voltage and the double of the individual uncoupled coil 
voltages mainly comes from two sources: the increasing phase difference between the 
decoupled voltages 
1 2
 and V V   with coil separation and the increasing magnitude 
difference between 
1 2
 and V V   (with coil 2 being moved further away from the sample). 
The former source leads to partial signal cancellation. The latter source indicates a 
decreasing signal strength (of coil 2) which can be seen from the values of 
2
2  V   in 
column 6. The value of 
2
2  V   drops more than 3 dB from d = 0.5 cm to d = 3.0 cm. From 
the last column of Table 4.2, it can be further observed that the combination of the 
coupled signal voltages 
1 2
+V V  does not work at all as the phase cancellation between 
1 2
 and V V  leads to a much smaller sum than 
1 2
V V  . Yet the value of 
1 2
+V V  does 
increase with the coil separation because the mutual coupling effect is reduced [92]. From 
the above observations and discussions, it can be seen that in order to realize the 
combiner in (3.21), the stacked coils should be closely placed together and the condition 
that mutual coupling is totally removed must be satisfied. 
 
Obviously there exist limitations to the above experimental method which is designed 
to study the feasibility of the stacked array coils only. As the experiment is carried out in 
a simulated MRI environment, a more realistic measurement of the receiving mutual 
impedances of the array has to be performed in a real MRI environment if the stacked 
phased coil array is to be implemented for practical MRI applications. However, the 
procedure will be exactly the same as given above. 
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4.4 Chapter Summary 
 
A prototype two-element vertically stacked phased coil array is constructed to validate 
the feasibility of increasing the SNR of MRI by increasing the number of coils in the 
array. In a simulated MRI electromagnetic field environment, it has been demonstrated 
that the mutual coupling effect among the closely stacked array coils can be removed and 
the combiner output voltage increases with the number of the coil elements. According to 
the theoretical explanation in Chapter 3, the proposed vertical phased coil array provides 



















Chapter 5  
 
The Increase of SNR by Using Vertical Phased 





In Chapter 3 and Chapter 4, the vertical phased coil array is proved to be an effective 
method to solve the low SNR problem in MRI by properly determining of the combiner 
coefficients and thereby realizing the decoupling in the array. In this chapter, we will 
show the SNR variation with the number of coils in the array through numerical 
experiments of MRI carried out using FEKO [59]. The numerical experiments are 
performed in a simulated MRI system with the key electromagnetic components 
modelled in a way that enables the investigation of the electromagnetic response and 
interactions of vertically stacked phased coil array. In order to find the SNR variation 
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with the number of coil elements in the array, a number of vertically stacked phased coil 
arrays are designed, and the signal and noise voltages are collected in the respective 
signal and noise models. The performance of these arrays confirms the significant 
increase of SNR by increasing the number of coils in the arrays. 
 





Figure 5.1: The active slice and the phased coil array used in the numerical experiment to 
simulate an MRI environment. 
 
As shown in Fig. 5.1, a homogenous cuboid with dimensions of 30cm×16cm×0.2cm is 
built to simulate the active slice (the signal source) in an MRI scanning process. The 
dielectric properties of the slice are set to be 48.6
r
   and 0.6 S/m   to simulate an 
active slice of a typical head phantom being imaged. A large number of magnetic dipoles 
are evenly distributed inside the slice to simulate the generation of the magnetic field by 
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the active slice [40]. The magnetic dipoles are made to radiate at 38.3 MHz which 
corresponds to a low-field MRI at 0.9T, where the circuit noise is the dominant noise. 
The proposed vertically stacked phased coil array with m coils worked as the receiver and 
was placed below the active slice. In our simulation, the first coil element was placed at a 
distance of 5 cm below the active slice and the coil separation of the array is denoted by d, 
which was varied in order to investigate the effect of mutual coupling. Each coil was 
designed to have a resonant frequency of 38.3 MHz when working in an isolation mode 
with the presence of the phantom slice. The reflection coefficient of the coil was -27.9 dB 
at the resonant frequency. The schematic diagram of a typical coil element used in the 
simulation is depicted in Fig. 5.2. In the simulation, each coil is terminated by a load 
impedance (0.0012 13.3568)
L
Z j   , which is also the equivalent impedance at the 
port of the matching circuit (CM-CT-CM) for matching the coil's internal impedance Za to 
the input impedance of the LNA. Because the gain of the LNA is common to the signal 
and noise, we will omit the gain of the LNA and consider the voltage across the 
equivalent load impedance ZL as the primary quantity of interest for the collection of 
signal and noise voltages [93]. 
 
In the numerical simulation, the signal voltages were first generated by exciting the 
coil array with the active slice above it. The voltages picked up by the coil elements are 




To LNA with reference 















Figure 5.2: The schematic diagram of a typical phased array coil with distributed 
capacitors. Inside the dashed box is the matching network for tuning the coil to be 
resonant at 38.3 MHz and matching it to the LNA with a system impedance of 50Ω. The 
reflection coefficient of the coil is -27.9 dB at the resonant frequency with the tuning 







Figure 5.3: The equivalent circuit of the input stage of an LNA with two noise generators, 
n
v  and 
n
i , to represent the noise generated inside the LNA. 
69 
 
To simulate the noise voltages in the numerical experiments, we used the method in 
[93], [94], and [95] by modelling the LNA’s internal noise into two voltage and current 
noise generators, as illustrated in Fig. 5.3. Note that in Fig. 5.3, the coil’s input 
impedance Za and the LNA’s equivalent impedance ZL are noiseless because the sample 
noise is assumed to be negligible (in a low-field MRI system) while the LNA’s internal 
noise has been represented by the two noise generators 
n
v  and 
n
i . Typically, 
n
v  and 
n
i  
are white noise sources and can be represented by two Gaussain random variables in our 
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G , and Y  are the noise resistance, conductance, and admittance of the LNA, 
respectively. These three parameters are given by or can be interpreted from the data 
provided by the manufacturer. For the other three parameters in (5.1) to (5.3), K  is 
Boltzmann’s constant, 
0
290KT   is the standard noise temperature, and B is the noise 
bandwidth. The noise of the LNAs connected to different coils is assumed to be 
uncorrelated [93]. To generate the noise voltages in our simulation, we removed the 
active slice from the coil array and excited each coil element with a unit voltage source.  
The coil terminal currents Iu were then obtained in FEKO by: 
  -1 1,1, ,1
T
u





 is the impedance matrix (including the self-impedances, mutual impedances, 
and load impedances) of the coil array and is calculated by simulation using FEKO, and 
the subscript “u” signifies that the currents are obtained under unit voltage source 
excitation. To account for the random nature of the noise generators 
n
v  and 
n
i , we 
multiplied the elements of the unit voltage vector  1,1, ,1
T
 on the right-hand side of 
(5.4) by m noise generators each with two Gaussian random variables in the form of 
n n L
v i Z . Hence the random noise voltages (i.e., Nc in (3.17)) were then calculated as: 
 -1
,1 ,1 ,2 ,2 , ,
, , ,
T
c L n n L n n L n m n m L
Z v i Z v i Z v i Z     N Z  (5.5) 
and the noise correlation matrix H
c c
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5.3 Determination of the Combiner Coefficients 
 
In Chapter 4, a standard measurement method is used to determine the receiving mutual 
impedances for a two-element array. In the current numerical experiments with multiple 
coils in the array, we applied this standard measurement method to each pair of coils in 







T . For example, the receiving mutual impedance 
ij
t
Z  between the i-th coil and the j-
th coil is calculated by the following formula: 







   (5.7) 
where 
i
V   is the ideal voltage of the i-th coil without mutual coupling, 
i
V  and 
j
V  are the 
coupled voltages of the i-th coil and the j-th coil, respectively, when only coil i and coil j  









































T  (5.8) 
and thereby the combiner coefficients can be determined as in (3.21). These coefficients 
can be realized by a set of lossless phase shifters and transformers as the method used in 
[47].  
 
In Fig. 5.4, we plot the combiner output signal voltage in comparison with the 
summation of the ideal uncoupled signal voltages and the summation of the coupled 
signal voltages.  The coil separation d is set to be 5 mm. It can be seen that the combiner 
output signal voltage increases almost exactly the same as the summation of the ideal 
uncoupled signal voltages, indicating that the mutual coupling between the coils has been 
effectively removed. On the other hand, the summation of the coupled signal voltages 
actually decreases drastically with the number of coils, indicating the detrimental effect 
of the mutual coupling. A quite large sudden drop in the combined coupled signal is also 
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seen when there are 10 coils in the array.  The reason for this is that the coupled coil 
signals are excessively destructively combined at this number of coils and coil separation 
due to the strong mutual coupling effect which changes the phases and magnitudes of the 
coil signals. Fig. 5.4 shows the importance of the accurate design of the combiner for the 
phased coil array to work properly. Note that there is no need to calculate the noise 
transformation matrix 
c
T  because the noise voltages are to be decoupled and combined 
by the same combiner coefficient Wmc as the signal (see (3.21)). 
 
Figure 5.4: The combiner output signal voltage in comparison with the summation of the 
ideal uncoupled signal voltages and the summation of the coupled signal voltages at a 
coil separation of d  = 5 mm. 
 
5.4 SNR Calculation and Discussion 
 
Once V, Nc, and Wmc are known, considering low field MRI where the sample noise is 
negligible, the SNR at the combiner output can be approximately calculated by applying 
zero sample noise to (3.19), thus we have 
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 (5.9) 
In the calculation of Nc in (5.5), we have considered a typical LNA, MAX9632, of which 
the noise parameters [96] are: 55.2  
n
R   , 19.0  mS
n
G  , and 18.1 m SY  . 
 
The variation of the combiner output SNR with the increasing number of coils in the 
coil array and at different coil separation d is shown in Fig. 5.5. For comparison, the 
corresponding case with the signal and noise voltages just summed together is shown in 
Fig. 5.6. Note that the signal levels in Fig. 5.5 and Fig. 5.6 have been adjusted to make 
the SNR = 20 dB for the single coil case. From Fig. 5.5, it can be seen that the SNR 
increases with the number of coils.  The smaller the coil separation, the greater is the rate 
(slope) of the increase. The reason for this is rather obvious because a larger coil 
separation means that the coils are farther away from the signal source, the active slice, 
and thus the signals picked up by the respective coils are weaker than the case with a 
smaller coil separation.  This is confirmed by the plot of normalized magnetic field 
intensity received by a single coil against its distance from the active slice as shown in 
Fig. 5.7. This figure shows that the magnetic field intensity drops almost half when the 
coil moves from a position at z = 10 mm to a position at z = -50 mm along the line of x = 
0, y = 0. This tells that coils located farther away from active slice receive a signal with a 
much weaker strength than those coils closer to the active slice. This explains the 
decreasing speed of SNR increase in Fig. 5.5 as the coil separation increases from d = 3 
mm to d = 9 mm. Thus it can be concluded that in order to obtain a desirable increase in 





Figure 5.5: The variation of the combiner output SNR with the increasing number of coils 





Figure 5.6: The variation of the SNR calculated by coupled signal and noise voltages 
with the increasing number of coils in the phased coil array and with different coil 
separations. 
 
Another observation from Fig. 5.5 is that the increase in SNR experiences a big jump 
from one coil in the array to two coils in the array, and thereafter the increase is much 
slower. This is seemingly inconsistent with our theoretical prediction in Section 3.3 that 
















































Theoretical SNR values 
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the SNR is predicted to be increased with the square root of the number of coils m  in 
the low field MRI system if there is no mutual coupling. Indeed, this theoretical 
prediction is also plotted in Fig. 5.5 (the dashed line). The big difference from one coil to 
two coils is easily discernible. Actually this is an extra big advantage because the extra 
gain in SNR is about 8 dB strong. The reason for this extra gain in SNR can be 
understood from (3.21) and (5.9) in that the noise voltages are decoupled and combined 
in the same way as the signal voltages. That is, the noise voltages are decoupled by the 









T  instead. The consequence of this un-matched decoupling 
method actually helps to suppress the noise power, resulting in a much higher SNR (as 
shown in Fig. 5.5 for the case going from one coil to two coils) compared to what it 




T ) was used for the noise voltages. 
 
As for the performance of the SNR in Fig. 5.6 calculated by coupled signal and noise 
voltages, it shows that if the signal voltages are not properly decoupled, the increase in 
SNR is obtainable only for the first few coils. When more coils are added, the SNR drops 
sharply. For example, with d  = 5 mm, the SNR drops drastically from 9 coils to 10 coils, 
at which the SNR is even worse than the case of one coil. Apparently, the mutual 
coupling effect has led to a non-coherent addition (or phase cancellation) of the coil 






Figure 5.7: The attenuation of the magnetic field along the inverse direction of z-axis. 
 
5.5 Chapter Summary 
 
A number of typical vertical phased coil arrays have been designed by numerical 
simulations, followed by a series of numerical experiments to demonstrate the 
performance of the proposed method. It is shown that through a proper design of the 
signal combining method of the coil signals, the SNR of the array output can be 
significantly increased. With the widespread availability of multi-channel receivers for 
MRI in recent years, the proposed vertically stacked phased coil array has the potential of 










Design of a Multi-layered Surface Coil Array for 




The square strip coils discussed in this thesis are surface coils that have high SNR due to 
its small FOV, which decreases the amount of noise that is received from the sample [40]. 
In clinical imaging, usually it is desirable to have a large FOV because the region of 
interest is often not known especially if a large sample is being imaged. A large surface 
strip coil fails to be an effective solution to this situation even though it provides a large 
FOV because it also captures more noise and thus sacrifice SNR. Repeatedly imaging 
with repositioning the small coil is a good way to keep the advantage of a high SNR but it 
is very time-consuming. Therefore, a feasible solution is to use a surface coil array which 
consists of closely positioned small surface coils for simultaneously receiving MRI 
signals to provide a high SNR over a large region of sensitivity without any penalty in 
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imaging time [40]. Similarly with the discussion on the mutual coupling in previous 
chapters, the mutual coupling is also serious and even more complicated in this multi-
layered surface coil array, and should be carefully dealt with.  
 
In this paper, we propose a multi-layered design of a surface coil array to further 
improve the SNR performance of surface coil arrays over a large FOV. To deal with the 
mutual coupling problem in the array, we also utilize the decoupling technique in the 
previous chapters which makes use of the receiving mutual impedances of the array.  
 
6.2 Derivation of the SNR for the Multi-Layered Surface Coil 
Array 
 
The proposed multi-layered surface coil array consists of multiple surface coils in both 
the vertical and horizontal directions. Shown in Fig. 6.1 is an m n  configuration with m 
surface coil arrays each of which has n coils. Each coil element is defined by its position 
in the array, i.e., coil ij  is the coil element in the i-th horizontal layer and the j-th vertical 
stack. The coil elements in each horizontal layer are closely positioned side by side with a 
very small gap g  between adjacent coils so as to cover a large imaged area. The coil 
layers are closely stacked in the vertical direction with a separation d  between adjacent 
layers. When d is small, a number of layers can be stacked together and the result will be 
a significant increase in the SNR of the array signals, as shown in the next section.  This 
is a direct extension of the principle of increasing the SNR by using vertically stacked 




In our multi-layered surface coil array, each coil element is connected to a low noise 
amplifier (LNA) through a matching circuit. The received voltages by coils in the same 
vertical stack are combined together to form a single output voltage. Obviously, as the 
coils are placed in close proximity to each other, the mutual coupling effect between 
them is very strong and needs to be properly handled. As shown in Fig. 6.1, the received 
signals from the coil elements (after passing through the LNA stage) are passed through a 




T  which removes the mutual coupling effect in the 
signals before they are combined together. As shown below, this decoupling network is 
actually a crucial component in the design of the multi-layered surface coil array. 
 
Coil 11 Coil 12 Coil 1n
Coil 21 Coil 22 Coil 2n.  .  .
.  .  .
.  .  .





































































Figure 6.1: The configuration of the proposed multi-layered surface coil array with m 








T  shown in Fig. 6.1 has m n  input ports and n output 
ports. The function of this decoupling network is best described by (3.16), and we rewrite 





 V T V   (6.1) 
where  11 12 1 21 22 2 1 2, , , , , , , , , , , ,
T
n n m m m n
V V V V V V V V VV  is the vector of the coupled 
voltages received by the coil elements and 
 11 12 1 21 22 2 1 2 1, , , , , , , , , , , ,
T
n n m m m
V V V V V V V V V         V  is the vector of the decoupled 




T . The decoupled voltages from the coils in the same vertical stack 
 1 2, , , ,  1, 2, ,i i inV V V i m     are then summed up to form a signal output voltage which 
contains the image signal emanating from the area covered by that particular stack of 
coils. In this way, the image signals from the multi-layered surface coil array are divided 
into n outputs corresponding to the number of vertical stacks of coils. Thus, like the 
conventional single-layered surface coil array which provides n image signal from the n 
signal surface coil elements, the multi-layered surface coil array also provides n image 
signal outputs but each of them is the summation of m vertically stacked coils. In Fig. 6.1, 
the function of the decoupling network and the n voltage adders is denoted as a signal 
combiner W. 
 
In an MRI system, the output voltage of each coil consists of the signal voltage and 
the noise voltage, both of which suffer from the mutual coupling effect. The noise voltage 
comprises the circuit noise voltage and the sample noise voltage. So for a low field MRI 
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system with negligible sample noise [77] [78], the received terminal voltage vector 
t
V  
for the multi-layered surface coil array can be written as the sum of the signal voltage 
vector (V in (6.1)) and the circuit noise voltage vector N as 
 
t
V = V N  (6.2) 
where the three vectors above all have the same number of m n  elements, each of 
which corresponds to the voltage type, total, signal, or noise, developed at the terminal of 
the respective coil element in the array. 
 
The signal voltage received by each coil in the array is a coupled voltage, and it can 
be considered to have three components. For example, the received signal voltage of 
coil ij , denoted by 
ij
V , can be written as 
 
_ _ _ _ij ij ij ss ij ds ij ij ss ij ds
V U V V V V V       (6.3) 
where 
ij
U  is the uncoupled signal voltage received by coil ij as when all the other coils in 
the array were removed and can be approximated by the decoupled signal voltage 
ij
V  . 
The second component 
_ij ss
V  is the signal voltages coupled to coil ij from the other coils 
in the same vertical stack (i.e., coil pj with 1, 2, , ,  and p m p i  ). The subscript “ss” 
denotes the “same stack”.  
_ij ss

















Z  is the receiving mutual impedance of coil ij  and coil pj  in the j-th stack, and 
p j
V  is the coupled signal voltage of coil pj . The third component in (6.3), 
_ij ds
V , is the 
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signal voltages coupled to coil ij from the coils in the other stacks (i.e., coil pq  with 
1, 2, , ;  1, 2, , ,  and p m q n q j   ). The subscript “ds” denotes “different stacks”. 
Using the receiving mutual impedances between the coils, 
_ij ds

















Z  is the receiving mutual impedance between coil ij  and coil pq , and 
pq
V  is 
the coupled signal voltage of coil pq . 
 
With the above division of the signal voltages into three components, we can define 








































 denotes the SNR of the combined signal and noise voltages of the j-th stack 
of coils and  represents the expectation operation. The superscript "d" is to indicate 
that the signal and noise voltages have been decoupled with respect to the mutual 
coupling effect. In (6.6), Zin is the input impedance of the receiver connected to the 
voltage adder for summing up the signals of coils in the j-th stack and
ij
N   is the ij-th 






 N T N  (6.7) 
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It will be shown in the next section that the improved SNR performance of the multi-




T  is properly 





T  removed such that the output signals from the coil array are 
directly combined. This is the SNR of the signal voltages directly obtained from the coil 
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 is the SNR of the coupled signal and noise voltages of the j-th stack of coils, 
with the superscript "c" indicating that the signal and noise voltages are coupled due to 
the mutual coupling effect. Note that in the definition of SNR c
j
, the signal voltage 
includes the coupled signal voltages originating from the coils in the same stack 
_ij ss
V  
while the coupled signal voltages originating from coils in other stacks 
_ij ds
V  are treated 
as a part of the total noise. This is because 
_ij ss
V  is coupled from coils in the same stack 
which is scanning the same sample area and it will enhance 
ij
V  . But on the other hand, 
_ij ds
V  is coupled from coils in the other stacks which are scanning different sample areas 
from the j-th stack and thus has to be considered as part of the noise. 
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T  will be demonstrated through a number of specific numerical 
examples and the behaviors of the SNRs in (6.6) and (6.8), especially their variations 
with the number of layers of surface coils in the multi-layered surface coil array, will be 
critically investigated. 
 
6.3 Numerical Experiments and Results 
 
To demonstrate the performance of the multi-layered surface coil array, numerical 
experiments are performed in a simulated MRI environment. The effects of the other 
additional structures in an MRI system such as the gradient coil structures, etc, will only 
increase the computational complexity of the simulations but will not cause fundamental 
differences to the results obtained in our numerical experiments. The simulation tool, 
FEKO [59] was used in these numerical experiments. 
 
6.3.1 Simulation of the Signal and Noise in the Numerical Experiments 
 
In this study of numerical experiments, the method of the signal and noise modeling in 
FEKO is similar with that in Section 5.2. The design of the multi-layered surface coil 
array is to cater for large FOV cases, so a large phantom slice is built for the signal and 




As shown in Fig. 6.2, a homogenous cuboid with dimensions of 50cm×16cm×10cm is 
built to simulate the imaged sample, the human spine and its surrounding tissues, in the 
MRI scanning process. The dielectric properties of the cuboid are set to be 68.7
r
   and 
0.28 S/m   to model a typical human spine being imaged. To simulate the active layer 
[40] (the signal source) inside the imaged sample, a large number of magnetic dipoles, 
with same orientation and strength, are placed at the plane of 5 cmz    inside the 
cuboid. The magnetic dipoles are made to radiate at 38.3 MHz which corresponds to the 
resonant frequency of a low-field MRI system operating at 0.9T B0 field. This layer of 
magnetic dipoles is to simulate the ultimate magnetic field signal source in an MRI 
scanning process. The proposed multi-layered surface coil array, working as a receiver 
coil array, is placed above the imaged sample with the lowest layer at a distance of 1 cm 
from the cuboid surface. Shown in Fig. 6.2 is an example of a four-layered surface coil 
array with four surface coils in each layer. The separation d  between adjacent coil layers 
in the array is varied in order to investigate its effect on the performance of SNR. The gap 
between adjacent coils on the same layer is set at 4 mm. Each coil is designed to have a 
resonant frequency of 38.3 MHz when working in an isolation mode with the presence of 
the phantom slice. The reflection coefficient of the coils is -24.2 dB at the resonant 
frequency. The schematic diagram of a typical coil element is depicted in Fig. 6.3. In the 
simulation, each coil is terminated by a load impedance (0.1617 13.3706)
L
Z j   . The 
signal voltages are first generated by exciting the coil array with the active slice above it. 





Figure 6.2: The imaged sample and the multi-layered surface coil array used in the 
numerical experiments to simulate an MRI environment. 
 
 
To LNA with reference 
















Figure 6.3: The schematic diagram of a typical surface coil with distributed capacitors. 
Inside the dashed box is the matching network for tuning the coil to be resonant at 38.3 
MHz and matching it to the LNA with a system impedance of 50Ω. The reflection 
coefficient of the coil is -24.2 dB at the resonant frequency with the tuning capacitor CT 




To simulate the noise of the coil array, the same method as the noise modeling in 
Section 5.2 is used here. That is, we represent the LNA’s internal noise by the two noise 
generators 
n
v  and 
n
i , and in our calculation the noise parameters of the same LNA, 
MAX9632 [96], are used. To generate the noise voltages in our simulation, we remove 
the magnetic dipoles in the cuboid sample, and excite each coil element with a unit 
voltage source. The coil terminal currents 
u
I  are then obtained from FEKO as 
 
  -1










 is the impedance matrix of the coil array including self-impedance, mutual 
impedance, and load impedance calculated by FEKO , and the subscript “u” signifies that 
the currents are obtained under unit voltage source excitation.  
 
Similarly with (5.4)-(5.6), we can calculate the coupled noise power as follows. We 
denote the current vector (under unit voltage excitation) for the j-th stack of coil as 
 
_ _ 1 _ 2 _ _
[ , , , , , ]
T
u j u j u j u ij u mj




I  is the corresponding current element of coil ij  in (6.9), and then the 
corresponding random noise voltage vector of the j-th stack is: 
 
_ 1 _ 1 _ 1 _ 2 _ 2 _ 2
_ _ _ _ _ _
( ) , ( ) ,
( ) , , ( ) .
j L n j n j L u j n j n j L u j
T
n ij n ij L u ij n m j n m j L u m j
Z v i Z I v i Z I





Since noise sources from LNAs connected to different coils are uncorrelated [93], the 
noise correlation matrix for this stack H
j j
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v i Z V
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_ _u ij L u ij
V Z I . Therefore, the coupled noise power for the j-th stack for the 
calculation of coupled SNR c
j







ij n ij n ij L u ij
i i
N v i Z V
 
   . (6.13) 
The decoupled noise voltages can then be calculated by (6.7), and the decoupled noise 




T  is same 
as described in Section 5.3, and the effectiveness of the method has been demonstrated in 
many previous studies before, for example,  [84], [97], and [100], so we are not going to 
demonstrate this specifically again here. In the next subsection, we illustrate how the so-
determined decoupling matrix for the multi-layered surface coil array is used to obtain an 
improved SNR from the decoupled signal voltages. 
 
6.3.2 SNR Performance of the Multi-Layered Surface Coil Array 
 
Before the SNR performance of the multi-layered surface coil array is investigated, we 
demonstrate the SNR performance of a single layered surface coil first. In this special 
case, we can compare the SNR performance under two different decoupling methods, the 
decoupling matrix method and the commonly used overlapping method [47]. In the 




T  for a single-layered surface coil 
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array which has four coil elements (coil 11, coil 12, coil 13, and coil 14) is first 
determined as 
 1
1 5.23 18.59 0.59 1.01 0.22 0.28
0.10 14.49 1 0.26 14.50 0.23 0.79
.
0.24 0.78 0.52 14.48 1 0.36 14.47











   
 
   
T  (6.14) 
The SNRs in (6.6) and (6.8) are then calculated and they are shown in Table 6.1. Note 
that the values in Table 6.1 are calculated based on the setting to make the SNR for a 
single isolated coil be 20 dB.  We can see from Table 6.1 that the values of SNR
d
j
 for the 
coils (the SNRs calculated with the decoupled voltages) are almost the same as the SNR 
for an isolated coil. (The slightly larger values of SNR
d
j
 than the isolated SNR are due to 
the slightly reduced noise power after the decoupling process when compared with the 
noise power of an isolated coil.) This indicates that the mutual coupling effect is almost 




the coils in the bottom row of Table 6.1, which are much smaller (approximately 20 dB 
down), indicating the detrimental mutual coupling effect to the worsening of the SNR. 
Table 6.1: The SNRs of a single layered surface coil array under the decoupling matrix 
method. 
 








 0.05 dB -0.03 dB -0.02 dB 0.05 dB 
 
Table 6.2: The SNRs of a single layered surface coil array under the overlapping 
decoupling method. 
 









Figure 6.4: The variation of 
1
SN R




c  (calculated by coupled signal and noise voltages) of the multi-layered surface 
coil array with the increasing number of coil layers. The exact values of 
1
SN R
c  are 













 (calculated by coupled signal and noise voltages) of the multi-layered surface 






















































































Then we calculate the SNRs of the single layered surface coil array when decoupling 
is done by the overlapping method [47] with adjacent coils overlapped by 20 % of coil 
area (this gives the optimal decoupling effect). The calculated SNR results for this 
overlapping structure of the single layered array are shown in Table 6.2. It can be seen 
that the improvement in the SNR performance compared with the coupled case as shown 
in the bottom row of Table 6.1 is almost negligible. This indicates the inefficiency of the 
overlapping method in tackling the mutual coupling effect [84]. 
 
Now we investigate the SNRs when there is more than one layer of coils in the array. 
Shown in Figs. 6.4 and 6.5 are the SNRs for the first stack and second stack of the coils 
in the arrays with an increasing number of layers of coils from one layer up to four layers. 
These results are obtained with the layer separation d fixed at 5 cm. The SNRs for the 
third stack and fourth stack are same as those of second stack and the first stack, 




d  and 
2
SN R
d  are 20 dB and above more than 
1
SN R
c  and 
2
SN R
c  respectively. 








 are always 
near the 0 dB and almost independent of the number of layers of coils. These two figures 
show the importance of the decoupling matrix 1
v

T  in the realization of the improved 








 is more 
than 5 dB when the number of coil layers is increased from one layer to four layers, 








 with more layers of coils in 














d  is slightly greater than the respective 
1
SN R
d  for all the cases of different 
coil layers. This reflects the small difference in the horizontal locations of the coils in 
stack 1 and stack 2 in the array. 
 
 
Figure 6.6: The variation of 
1
SN R
d  with the increasing number of coil layers and with 
different layer separations. 
 




 is also investigated by successively setting d as 3 mm, 5 mm, 7 
mm, 9 mm, and 20 mm in our numerical experiment. The results of 
1
SN R
d  in each case 
are illustrated in Fig. 6.6. It can be seen that the smaller the coil layer separation, the 




. This observation is not surprising as we know 
that the closer the coil layers (so in turn closer to the imaged sample), the stronger is the 




 is increased. 
This finding points out an optimum design for the multi-layered surface coil array in 
which a smaller coil layer separation favors a higher SNR operation. But too small coil 



























layer separation also poses greater difficulty in manufacturing and higher demand on the 
accuracy in the decoupling matrix realization.  
 
6.4 Chapter Summary 
 
A multi-layered surface coil array for MRI is presented and its improved SNR 
performance is demonstrated through a rigorous numerical study. By using an effective 
decoupling method, the detrimental mutual coupling effect in the array is accurately 
removed.  This enables the individual coil signals to be summed up coherently, leading to 
an increasing SNR with the number of coil layers in the array. It is shown that more than 
5 dB increase in SNR can be obtained with a 4-layer array. We believe that this array can 
provide a simple and low-cost method to tackle the low SNR issue in MRI systems with 




















The conclusion of this thesis is summarized with regard to the two aspects: microwave 
cancer therapy and magnetic resonance imaging.  
 
As microwave heating effect to the dielectric materials depends on the dielectric 
properties, microwave power is a promising method to heat the cancerous tissue to 
therapeutic temperature without overheating the surrounding healthy tissue because of the 
contrast of dielectric properties between cancerous tissue and healthy tissue. An invasive 
microwave therapy in which a needle is inserted into the tumor region to guide 
microwave power is proposed for treating breast cancer, and the volume-average SARs 
and SAR distributions in a breast model are evaluated by using a hybrid MOM/FEM 
method implemented in FEKO. The simulation results show that the heating effect can be 
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adjusted by the direction of incident wave and the needle insertion direction, and best 
heating and focusing effect in tumor region is obtained. Besides, a shielding method 
which makes use of radially distributed needles is evaluated by the calculation of 
Poynting vector, and good shielding results are shown by the smaller Poynting vector 
values in the protected region. 
 
To solve the low SNR problem in an MRI system, a vertical phased coil array which 
consists of a number of vertically stacked surface coils is proposed. The design of the 
vertical phased coil array is firstly explained in theory with the conclusion that the SNR 
can be increased by increasing the number of the coil elements in the array if the strong 
mutual coupling among the coils can be removed i.e., the combiner output is the sum of 
decoupled voltages. A simulated MRI system is built in a laboratory experiment to show 
the effectiveness of decoupling method which makes use of the receiving mutual 
impedances of coils in the array, and it is shown that the mutual coupling in the array is 
removed, thus validating the feasibility of the vertical phased coil array. In order to show 
the SNR variation with the number of coils in the vertical phased coil array, a series of 
numerical experiments are conducted, where signal and noise voltages are collected in 
the respective models, and the SNR is shown to be significantly increased by using the 
vertical phased coil array with more coil elements. Based on the SNR performance of the 
vertical phased coil array, a multi-layered surface coil array which consists of multiple 
surface coils in both the vertical and horizontal directions is developed for MRI with 
large FOV to scan large samples. The SNR performance of the multi-layered surface coil 
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array is investigated through numerical experiments, and improved SNR performance is 
observed by increasing the number of layers in the array.  
 
7.2 Limitations and Future Work 
 
In the current study of microwave cancer therapy, plane wave is used as the source of 
microwave power which is guided into the tumor region by needle insertion, and good 
focusing and heating effect is obtained. The future work should explore more proper 
radiation sources to further improve the heating results. For example, instead of using 
plane wave for this invasive therapy, the insertion needle could be fed by a pulsed wave 
with high power, and the microwave pulse could be modulated according to the heating 
results and patients’ tolerance. In the future work, the therapy should be investigated in a 
more realistic breast model which is highly inhomogeneous with an irregular contour. 
The situation that sometimes the tumor locates in the glandular tissue poses a bigger 
challenge to microwave methods because the glandular tissue has similar dielectric 
properties with those of tumors and they are not so distinguishable by microwave heating. 
More simulation results including both electromagnetic simulation and thermal 
simulation are required to validate the effectiveness of the microwave cancer therapy, and 
a simulated treatment system could be set up in a laboratory experiment, and the 
temperatures at different locations of the inhomogeneous phantom model could be 




For MRI, thus far this thesis has well developed the vertical phased coil array to solve 
the low SNR problem, and the method has been extended to the design of multi-layered 
surface coil array to deal with large imaging samples for improving SNR without 
increasing scanning time. The method has been validated by both numerical simulations 
and laboratory experiments. The future work would explore more on the problem of 
sample noise in high field MRI which cannot be solved by the current design of the 
vertical phased coil array.  The well developed concept of the vertical phased coil array 
could be applied to the realistic MRI scanning process, so cooperation with medical field 
would be a good way to carry out MRI experiments with more practical considerations 
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The Square Strip Coil with Distributed 
Capacitors and Matching Network 
 
The equivalent circuit [88] of the square surface coils used in this thesis is shown in Fig. 
A1.1. The values of the inductances can be calculated from their length l and width w of 
the conducting strip by [40] 
  0.002 (ln 2 / 1 / 2) ( H)L l l w    (A1.1) 
With known resonant frequency f0 of a specific MRI system, the total capacitance of 





   (A1.2) 
The values of the distributed capacitors and matching network are firstly evaluated by 
FEKO, and then the coil is constructed according to the optimization results of FEKO. In 






Figure A1.1: The equivalent circuit of a square surface coil. 
 
Figure A1.2: The coil model in FEKO. 
 
Step 1: 
 Build the strip coil model without adding distributed capacitors and matching network in 
FEKO as in Fig. A1.2, excite the coil with a voltage source, and evaluate the input 













Step 2:  
Add distributed capacitors as shown in Fig. A1.3 to make the coil resonant at 38.3 MHz 
(corresponds to a 0.9 T MRI system). Using (A1.2), we calculate the total capacitance of 
the distributed capacitors as 58.918 pF
total
C  . Based on the positioning of the capacitors 
in Fig. A1.3, we calculate the value of C as 5 294.59  pF
total
C C  . Evaluate the input 
impedance of the coil with the distributed capacitors, and we have 1.1831 m
c
R    and 
13.3569  
c
X   . 
To LNA with reference 















Figure A1.3: The schematic diagram of the square strip coil with distributed capacitors 





The coil is connected to LNA with reference impedance of 50 . We calculate the 
matching network by [101] 
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R   , and we have 309.6 pF
T
C   and 3.03 pF
M
C  . 
 
Figure A1.4: The optimization result of the reflection coefficient to make the coil 





Add the determined matching network to the coil model in FEKO, and tune the value of 
the capacitor Ctop to optimize the reflection coefficient at the coil terminal to make it 
resonant at 38.3 MHz, and we have the optimization result as in Fig. A1.4. 
 
 
